This study aimed to gain new insights into both systemic and placental leptin and its receptors, with reference to the maternal prepregnancy body mass index (BMI). Thus, 84 women (29 lean, 24 overweight, and 31 obese) were recruited and maternal, cord blood, and placental tissues collected prior to term labor. Plasma levels were measured by enzyme-linked immunosorbent assay and for placenta, immunohistochemistry and messenger RNAs (mRNAs) were quantitated. We confirmed that maternal leptin increased linearly as the soluble receptor decreased with BMI (P ¼ .001). Fetal leptin increased with maternal BMI (P ¼ .02) and birth weight (P ¼ .006) and was higher in female infants (P < .001). Placental mRNA levels of leptin and its receptors showed no change in BMI. However, we show a significant (P ¼ .043) linear increase in leptin in the placental vascular endothelial cells with maternal obesity, while leptin in syncytiotrophoblast showed no statistical change. Leptin receptors localized to syncytiotrophoblast and intravillous macrophages and were unchanged with BMI.
Introduction
Obesity affects more than 30% of reproductive age women and continues to be a major public health problem in the United States. 1 The rate of morbid obesity in reproductive age women exceeds 7%, which is 50% higher compared to men in the same age group. 1 Obesity in pregnancy has been associated with increased pregnancy complications. Recent studies have shown that when compared to normal weight women, obese women are at increased risk of having stillbirths, 2 cesarean section, infections, preeclampsia, and gestational diabetes. 3, 4 Their neonates are at increased risk of having congenital malformations, [5] [6] [7] being large for gestational age, and having low Apgar scores at birth. 3, 4 In addition, the mother's obesity has been linked to childhood obesity and metabolic syndrome. 8, 9 Several possible mechanisms for the association between obesity and adverse pregnancy outcomes have been proposed. One explanation is that obesity predisposes women to a proinflammatory environment from excess adipose tissue, which causes these adverse outcomes. Adipocytes have been demonstrated to synthesize and secrete numerous cytokines, such as leptin, visfatin, interleukin 6, and tumor necrosis factor a. 10 More recently in pregnancy, the placenta has also been shown to be a major source of several adipocytokines, and their increased levels have been linked to gestational diabetes, hypertension, and intrauterine growth restriction. 11 Leptin, the protein product of the ob gene, is a 16-kDa hormone widely secreted by white adipose tissue and important in maintaining energy homeostasis in the body. It functions as a satiety signal in the central nervous system and has peripheral effects that are widespread, including angiogenesis, hematopoiesis, and regulation of bone formation. 12, 13 The human leptin receptor gene, ob-R, gives rise to different isoforms of the leptin receptor, generated by alternative messenger RNA (mRNA) splicing. 14 One of these is a soluble form, which binds to circulating leptin and enhances signaling by reducing leptin clearance and degradation. 15 There are also 4 transmembrane receptor isoforms, 1 long form and 3 short forms. The longform receptor signals through the Janus kinase pathway, while the short forms signal through the mitogen-activated protein kinase pathway. 16, 17 Mutations in the leptin and/or leptin receptor genes have been shown to cause severe early-onset obesity, hyperphagia, and endocrine abnormalities. 18, 19 Previous studies have demonstrated higher circulating levels of leptin and lower levels of soluble leptin receptor in obese individuals compared to normal weight individuals. [20] [21] [22] This was interpreted as leptin ''resistance,'' where a decrease in signaling capability of leptin at the level of the satiety center caused an increase in secretion of leptin. 23 An increased level of circulating leptin was also shown in obese pregnant women compared to normal weight pregnant women, with the overall levels higher in pregnancy compared to the nonpregnant state. 24 In addition to its systemic role in obesity, the placenta is a major site of leptin synthesis in the human, 25, 26 where it functions as an autocrine/paracrine hormone. The human placental leptin molecule is identical to that produced by adipose tissue. 25 Its functions in the placenta and in pregnancy are still under debate, but it is thought to play an important role in fetal growth and development. 27, 28 However, there are limited data on placental leptin in pregnancies affected by obesity. Farley and colleagues showed no difference in placental leptin levels in obese women compared to lean women; however, the expression of the long form of the leptin receptor in the syncytiotrophoblast was significantly lower in the obese women. 29 By analogy to the description of leptin resistance at the satiety center of the brain in nonpregnant obese women, this decrease was suggested to show placental leptin resistance and the reason for decreased sodium-dependent neutral amino acid transporter activity. 29 In any event, it is agreed that the levels of leptin reaching the fetus are likely to be important as a regulator of fetal weight and subsequent adiposity in childhood. 30 Indeed, higher umbilical cord blood levels of leptin correlate with placental weight and increased birth weight. [31] [32] [33] However, the placental leptin from the syncytiotrophoblast contributes little to the fetus via the cord blood since most is secreted into the maternal circulation. 34, 35 This is confirmed by the lack of correlation between leptin concentrations in maternal serum and cord blood. 36 Therefore, the correlation between higher cord leptin levels and increased birth weight cannot be explained by placental (syncytiotrophoblast) leptin production. As we seek to understand this complexity of how maternal obesity affects pregnancy and its outcomes, it appears to be important to examine concomitantly the systemic and placental autocrine/paracrine systems, using samples from a single set of patients. Thus, the aims of this study were to confirm some key published data and to gain new insights into both the systemic and intrauterine leptin systems with reference to the maternal body mass index (BMI) in such a single set of patients.
Materials and Methods

Patient Selection and Tissue Collection
Approval was obtained from the Western Institutional Review Board, and pregnant women at term (>37 weeks gestation) who were undergoing an elective prelabor cesarean section at Kapiolani Medical Center for Women and Children (Honolulu, Hawaii) were recruited between August and December 2012. Exclusion criteria included labor, premature rupture of membranes, multiple gestation, pregestational diabetes, acute infection at the time of delivery, maternal inflammatory/connective tissue/autoimmune disease, and maternal use of steroids. After meeting inclusion and exclusion criteria, a detailed consent form was signed by the patient prior to the performance of any study procedure or data collection.
The recruited patients were divided according to their prepregnancy BMI: lean (BMI 16.0-24.9), overweight (BMI 25.0-29.9), and obese (BMI ! 30). Information regarding the demographics of the mother (age, pregravid weight, height, substance use history, gravity, parity, gestational age at delivery, temperature at admission, medical history, and medication use), pregnancy complications (gestational diabetes, preeclampsia, intrauterine growth restriction, shoulder dystocia, and macrosomia), and neonatal information (gender, birth weight, Apgar scores, presence of respiratory distress syndrome, admission to the neonatal intensive care unit, hypoglycemia, hyperbilirubinemia, and neonatal malformation) were collected.
Fasting samples of maternal blood were collected into EDTA tubes prior to delivery, centrifuged and the supernatant plasma immediately stored at À80 C. Venous cord blood samples were similarly collected within 15 minutes of delivery and immediately centrifuged. All plasma samples were stored at À80 C until assayed. Two full-thickness samples of the placenta, excluding basal plate, were taken at the site of cord insertion within 15 minutes of delivery. One sample was fixed in neutral-buffered formaldehyde for 72 hours and stored in 70% ethanol until embedded in paraffin, the other sample was immediately stored at À80 C until used.
Maternal and Cord Plasma Analyses
Maternal and cord plasma leptin and the soluble leptin receptor were assayed using the Quantikine enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, Minnesota) with intra-assay coefficient of variations of 3% and 4.9%, respectively. All samples were run in duplicate in a single assay.
Immunohistochemistry and Quantitation
Paraffin-embedded tissue blocks were serially sectioned (5 mm) onto slides, deparaffinized, hydrated in a graded series of xylenes and ethanols, and rinsed in distilled water. The slides were heated in sodium citrate buffer (10 mmol/L, pH 6.0) for 30 minutes for antigen retrieval. They were then treated for 20 minutes with 0.3% hydrogen peroxide to remove endogenous peroxidase activity. Nonspecific binding was blocked with 2.5% normal serum for 20 minutes, and the slides incubated for 60 minutes with predetermined dilutions of one of the following antibodies: polyclonal rabbit immunoglobulin G (IgG) for leptin (Santa Cruz Biotechnology, Santa Cruz, California; catalog number: sc-842, 0.25 mg/mL), polyclonal rabbit IgG that detects only the long form of the leptin receptor (Santa Cruz Biotechnology; catalog number: sc-1832, 0.5 mg/mL), or mouse monoclonal antibody that detects the cytoplasmic consensus region of all leptin receptor isoforms (Santa Cruz Biotechnology; catalog number: sc-8391, 4 mg/mL). Negative controls for each antibody were the nonimmune IgG (Vectastain ABC kit; Vector Labs, Burlingame, California) from the respective species at the same concentrations as the primary antibodies. After rinsing, the slides were incubated with biotinylated secondary antibody followed by the avidin-biotin complex (ABC) reagent (Vector Labs). The 3,3-diaminobenzidine substrate solution was used to visualize the antigens. Slides were rinsed and counterstained with Gill's hematoxylin, then cleared and mounted in Pro-Texx mounting media (Lerner Laboratories, Pittsburgh, Pennsylvania). A multispectral imaging system comprised of an Olympus BX51 microscope (Olympus America Inc, Mellville, New York) and a CRI Nuance spectral analyzer (Caliper Life Sciences, Hopkinton, Massachusetts) was used to obtain bright-field image cubes between 420 and 700 nm wavelength at 20-nm intervals. Inform software (version 1.4.0; PerkinElmer, Waltham, Massachusetts) was used to quantitate the unmixed image data. The average signal intensity per pixel was obtained from 5 different fields of villous tissue from each patient. The signal intensity for leptin in both syncytiotrophoblast and villous vascular endothelial cells was quantified at Â400. The signal intensity for leptin receptors in the syncytiotrophoblast was measured at Â400. The villous stroma cells staining for leptin receptor was quantified by object counting at Â100.
Isolation of RNA and Quantitative Real-Time Polymerase Chain Reaction
Placental tissues (2 mg) were pulverized with a BioPulverizer (BioSpec Products Inc, Bartletville, Oklahoma) and total RNA extraction performed using the RNeasy Fibrous MiniKit (QIA-GEN Inc, Valencia, California) according to the product protocol. RNA quality was assessed by Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, California). Complementary DNA (cDNA) was prepared by reverse transcription in a total volume of 20 mL containing polymerase chain reaction (PCR) buffer II, 5.5 mmol/L magnesium chloride, 500 mmol/ L each deoxynucleotide triphosphatase, 2.5 mmol/L random hexamers, 0.4 U/mL RNase inhibitor, 2.5 U/mL Multiscribe reverse transcriptase (Applied Biosystems Inc, Foster City, California), and 400 ng total RNA. This solution was incubated for 10 minutes at 25 C, 30 minutes at 48 C, and 5 minutes at 95 C. The cDNA was then amplified by PCR using specific primers for leptin, leptin receptor, and the housekeeping gene18S (Applied Biosystems, TaqMan Assays on Demand). StepOne Real-Time PCR System (Applied Biosystems) was used for real-time PCR according to the Applied Biosystems Inc. (ABI) protocol, where it was set at 1 cycle at 50 C for 2 minutes, 1 cycle at 95 C for 10 minutes, followed by 40 cycles at 95 C for 15 seconds, and 60 C for 1 minute. Each reaction was performed in triplicate, and the data were analyzed as described in the ABI User's Bulletin no. 2 (http://www3.appliedbiosystems.com/ cms/groups/mcb_support/documents/generaldocuments/cms_04 0980.pdf). The results were normalized to the expression of 18S in each sample and reported as mean + standard deviation (SD) of relative gene expression.
Statistical Analysis
Data were analyzed using SAS statistical software (version 9.3; SAS Institute Inc, Cary, North Carolina). Continuous data were summarized as means + SDs. The relationship of BMI with the intensity of immunostaining of placental leptin and leptin receptors was estimated using linear regression models. Because the levels of normalized RNA/18S for leptin and leptin receptor were not normally distributed, the Wilcoxon test was used to compare the median levels of lean and obese women. Statistical significant was set at P .05.
Results
Demographic Data
Patient demographics for 84 patients by BMI groups are shown in Table 1 . There were no statistical differences in the mean age, average gestational age at delivery, gestational weight gain, and birth weight in lean, overweight, and obese women. The average gestational age at delivery was 39 weeks, and the average birth weight ranged from 3295 to 3590 g. The mean placental weight was statistically different by BMI (P ¼ .002). Obese women had a higher mean placental weight (562 g) compared to lean (472 g) and overweight women (523 g). 
Maternal and Cord Plasma Leptin and Soluble Leptin Receptor
Maternal and cord plasma levels of leptin and its soluble receptor in relation to maternal BMI are shown in Figure 1 . Maternal plasma leptin levels increased linearly as maternal BMI increased (P < .001). However, the levels of maternal plasma soluble receptor decreased as maternal BMI increased (P < .001; Figure 1A ). Cord plasma leptin significantly increased with increasing maternal BMI (P ¼ .02; Figure 1B ) and birth weight (P ¼ .006; Figure 1C ). Cord plasma leptin was also significantly higher in female infants compared to male infants (P < .001; Figure 1D ). However, there was no correlation between cord plasma leptin levels and those of maternal plasma (data not shown).
Placental Leptin: Protein and Gene Expression
Placental leptin was immunolocalized to the syncytiotrophoblast 25, 26 and the villous vascular endothelial cells as previously reported. 27, 37 Images of placental villous tissue immunostained with leptin in examples of a lean ( Figure  2Aa ) and an obese woman (Figure 2Ab ) are shown together with the negative control (Figure 2Ac ). When quantitatively compared, there was a trend for increased levels of leptin in the syncytiotrophoblast as maternal BMI increased, but this was not statistically significant (P ¼ .156; Figure 2B ). However, leptin levels in the villous vascular endothelial cells were significantly increased (P ¼ .046) as a function of maternal BMI and this relationship was linear as shown in Figure 2C . There was no significant correlation either in syncytiotrophoblast or in vascular endothelial leptin expression by infant gender. In addition, there were no correlations between leptin levels and birth weight or placental weight in either the syncytiotrophoblast or villous vascular endothelial cells. The expression of leptin mRNA in the 2 extreme groups (lean and obese women) in the placental villous trophoblast showed no significant differences ( Figure 2D ).
Placental Leptin Receptors: Protein and Gene Expression
We first immunolocalized the long form of the leptin receptor in the placenta using the same antibody as previously used by Farley et al. 29 This confirmed localization to the syncytiotrophoblast and cells in the villous stroma, previously identified as Hofbauer cells. 38 Images of the placental villous tissue immunostained for the long-form leptin receptor in examples of a lean (Figure 3Aa ) and an obese (Figure 3Ab ) woman are shown together with the negative control ( Figure  3Ac ). Quantitation of this staining in the syncytiotrophoblast ( Figure 3B ) and the cells immunostained in the villous stroma ( Figure 3C ) showed no relationships to BMI. In addition, its levels failed to show any differences in relation to birth weight or infant gender (data not shown). The expression of mRNA in the placenta for the leptin receptor in the 2 extreme groups (lean and obese women) showed no significant difference ( Figure 3D ).
These results were markedly different from those reported by Farley et al, 29 although the same antibody was utilized here. Therefore, we reimmunolocalized the leptin receptors using sections from the same patients with another antibody (sc-8391) that detects the long form and all the short isoforms of the leptin receptor. This showed similar staining in the syncytiotrophoblast and villous stroma as the antibody, which detected only the long form of the receptor (sc-1832). When this was quantitated, again there was no relationship between the level of immunostaining and the maternal BMI (data not shown).
Discussion
In this study, we first set out to confirm data previously reported by several different laboratories using a single set of patient samples. This also served to validate our sample set. We then sought to gain some new insights into placental leptin and its receptors and to show the effects of maternal obesity in gestation. Therefore, the results presented here first confirmed that maternal plasma leptin increases with increasing prepregnancy BMI. At the same time, the soluble leptin receptor in maternal plasma decreases. These relationships have been previously reported in both nonpregnant 20 and pregnant women. 39, 40 Increased cord blood leptin levels with increasing maternal BMI and birth weight have also been confirmed. Previous studies have shown that large for gestational age infants had higher levels of cord blood leptin compared to normal weight infants. 32, 41 In addition, a meta-analysis of 44 studies showed a clear correlation between cord blood leptin levels and birth weight. 33 The female infants in our study also had higher cord blood leptin levels than the male infants, which was also consistent with previous studies. 31, 42 For the first time, this study shows that in the placenta, there was a linear increase in the levels of leptin in the villous vascular endothelial cells as maternal BMI increased. However, there was only a trend, which was not significant, between leptin levels in the syncytiotrophoblast and maternal BMI, confirming previous work. 29 We were able to distinguish and quantitate the levels of leptin from the immunostained villous vascular endothelium separately from that of the syncytiotrophoblast in the same tissue sections, by training the Inform Software program (PerkinElmer) to use pattern and density recognition. This was not a simple task, because both are single layers of cells along the edges of placental structures. The result is important because it is recognized that proteins produced by the villous vascular endothelium contribute to the fetal circulation, while the proteins from the syncytiotrophoblast tend to enter the maternal blood as suggested by Lea et al. 27 Fetal leptin probably has an important role in fetal/neonatal growth regulation and may even be critical in the future development of metabolic dysfunction and childhood obesity. Higher cord leptin levels are associated with slower infant weight gain and less adiposity at 3 years of age, while higher levels at this age were associated with subsequent faster weight gain between 3 and 7 years of age. 30 Another study using a retrospective cohort showed that maternal obesity doubles the risk of childhood obesity between the ages of 2 and 4 years, 8 whereas those children exposed in utero to maternal obesity are at a higher risk of metabolic syndrome. 9 Together these results suggest that perinatal leptin plays an important role in neonatal growth and the development of leptin resistance later in life. Although the origin of fetal leptin is still under debate, fetal adipose tissue undoubtedly contributes leptin to the fetal circulation. 35 Our study suggests an additional significant placental contribution not from the syncytiotrophoblast but from the fetal vascular endothelium. The use of in vitro placental perfusion in 2 studies has suggested that the placental contribution of leptin to the fetal compared to the maternal circulation was only between 2% and 5% and that most placental (syncytotrophoblast) leptin entered the maternal circulation. 34, 35 Other studies have taken another approach and compared the leptin levels in venous and arterial umbilical cord blood, but the results have been contradictory. Two studies showed significantly higher leptin levels in umbilical venous cord blood compared to arterial cord blood, 43, 44 supporting the concept of a placental contribution to fetal leptin levels. However, another study showed no difference in the venous and arterial cord blood leptin levels. 36 We have shown these possible relationships between maternal, placental, and fetal leptin to the fetal circulation in Figure 4 .
Previous studies have localized the long form of the leptin receptor to the syncytiotrophoblast, which we confirmed here. 27, 29, 37 However, in our study, we found no difference in the levels of its expression by maternal BMI, whereas decreased expression was reported in both syncytiotrophoblast and villous stroma in obese women compared to lean women. 29 It was concluded in this study that similar to the leptin resistance at the satiety center of the brain in nonpregnant obese women, there was leptin resistance at the level of the placenta in obese pregnant women. We were unable to reproduce this using the same antibody for the long form of the leptin receptor with a larger cohort of patients. We further attempted to show this by using another antibody, which in addition to the longform leptin receptor also detects the different short forms in the placenta. 38 However, with this antibody and quantitation, there was similarly no downregulation or leptin-resistance evident in the syncytiotrophoblast. Thus, the significance of leptin function in the syncytiotrophoblast in the context of maternal BMI requires further work.
In addition to its localization to the syncytiotrophoblast using the antibody for the long form of the leptin receptor, Figure 4 . Possible relationships between maternal, placental, and fetal leptin. Placental leptin from the syncytiotrophoblast contributes 95% to the maternal circulation, while leptin from the villous endothelial cells contributes 5% to the fetal circulation. Maternal adipose tissue also secretes leptin that contributes to the maternal circulation and can target the placental trophoblast. Fetal adipose tissue contributes leptin to the fetal circulation. Placental leptin from the villous vascular endothelium shown in our study to be increased in obese women is secreted into the umbilical vein, where leptin levels were also higher. This would add to the fetal leptin levels and may directly affect fetal growth and development. * indicates reference 25. we also detected receptors in the villous stroma, possibly Hofbauer cells, consistent with the report by Farley and colleagues. 29 Indeed, it has been shown that the immunostaining of placental macrophages increased 2-to 3-fold in obese compared to lean women. 45 However, our quantitation of the immunostaining of these cells failed to show any increase in expression with increasing obesity. These inconsistencies in receptor immunostaining may be due to different antigen retrieval procedures used in different studies and/or to the rather poor antibodies currently available for the detection of the different leptin receptor isoforms. There is certainly the need for further work to clarify leptin receptor expression in the placenta and the effects of maternal obesity, but future work should be carried out with antibodies of higher avidity, which would be more suitable for immunohistochemistry than those currently available.
In the present study, we also quantitated leptin and leptin receptor gene expression in the placental villous trophoblast. Unfortunately, because this method used pieces of tissue, which included all cell types, the dilution effect resulted in negative data. However, the major site of leptin production and action in the placenta is undoubtedly the syncytiotrophoblast, and the negative mRNA findings confirmed that there was indeed no increase in syncytiotrophoblast leptin mRNA in tissue from obese women or no reduction in the mRNA of its receptor. However, it is possible that by using a larger number of patients, significant differences in placental leptin/leptin receptor gene expression may be detected.
In conclusion, we have confirmed the relationships between maternal prepregnancy BMI and maternal leptin and the soluble leptin receptor and cord plasma leptin using a single set of patients. We have also confirmed the relationships between birth weight and cord plasma leptin and shown higher cord leptin levels in female versus male infants. Thus, validating our patient cohort. On the other hand, we were unable to confirm a decrease in expression of the leptin receptor in the syncytiotrophoblast with increased maternal BMI, making ''placental leptin resistance'' in obesity questionable. However, for the first time, we have identified the placental villous endothelial cells as the origin of increased placental leptin in obese women. This leptin would enter the fetal circulation, as shown here by higher cord blood levels in obesity. Together with the leptin from fetal adipose tissue, this is likely to be important in fetal growth and future childhood development.
